• The simulations by UniSim ® indicated the optimum condition for quinoline hydrodenitrogenation • The reaction temperature is a key factor for propylbenzene selectivity • At 460 °C the thermodynamic limitation is avoided • The bimetallic catalyst has shown improved selectivity at 460 °C, as predicted by the simulation
The catalytic hydroprocessing for the removal of heteroatoms such as sulfur, nitrogen, and oxygen from petroleum cuts is a very important stage of the refining process [1] [2] [3] [4] . In recent years, the worldwide dependence of petroleum and the increase in heavy oil reserves along with stricter environmental legislation have increased the importance of the hydro-treating (HDT) processes, especially when it comes to the stability and quality of the final products [2] [3] [4] [5] [6] [7] [8] .
Hydrodenitrogenation (HDN) is a process for the removal of nitrogen atoms from organonitrogen compounds present in petroleum and their derivatives. These organonitrogen compounds poison downstream catalysts and, upon combustion, generate NO x .
Quinolines and porphyrins are typical organonitrogen compounds in petroleum. For HDN studies, quinoline is normally used as a model molecule to represent the three types of foreseen reactions [1] : the hydrogenation of the benzene ring, the hydrogenation of aromatic heterocycles containing nitrogen, and the rupture of the C-N bond, leading to the formation of propylbenzene, propylcyclehexane and propylcyclehexene.
The catalysts usually employed for crude oil hydrotreatment conventionally include alumina-supported Mo sulfide promoted by Co and/or Ni [8] [9] [10] [11] [12] [13] [14] [15] . In the case of medium and heavy oil hydroprocessing, mixed or multiple beds of catalysts are generally used to achieve better quality of the product. The catalyst performance increases as far as the feed is being supplied through the multiple layer or the multiple bed [16, 18] . Studies have shown that noble metal-based catalysts (Pt and Pd) supported on alumina, used in hydrogenation reactions, despite having good catalytic performance in relation to the reactions of HDT, deactivate quickly by the adsorption of sulfur species present in industrial loads [10] [11] [12] [13] [14] [15] . Some progress was achieved with the use of bimetallic catalysts with these two precious metals. However, the high cost and low availability of noble metals increasingly encouraged research in order to obtain a catalytic system that overrides one of the metal components in a satisfactory manner and does not disable normal operating conditions. A study carried out by Colman et al. [2] showed that it is possible to reach high selectivity for quinoline hydrodenitrogenation products using bimetallic Pt-Mo catalysts supported in zeolites. However, their reactions require high hydrogen consumption producing highly hydrogenated products such as propylcyclohexane. In this context, it is necessary to improve the HDN reactions for better selectivity towards poorly hydrogenated products.
The simulation of reaction conditions in petroleum refining processes is a good tool for research and development fields [6, 7] . Simulation helps to obtain information about reaction behavior without actually testing it in real life. As simulations are usually cheaper, faster and safer than experimental reactions, there is increasing interest in simulation applications.
In a network reaction, multiple reactions can occur in series and in parallel; the final distribution products will be determined by favoring some reactions as a consequence of changes in feed composition, pressure and temperature.
Quinoline hydrodenitrogenation involves complex reactions and, as a result, many intermediate byproducts are formed affecting the product stream composition. The first step to understanding the effects of the process variables is a thermodynamic analysis. The study of thermodynamics equilibrium can be used to calculate the limits of the extent of reactions.
Minimization of direct Gibbs energy functions subject to material balance constraints has been extensively used for estimating equilibrium composition in many chemical reactions [3, [20] [21] [22] [23] [24] . Tang and Kitagawa [23] studied the chemical equilibrium of water gasification of biomass by Gibbs free energy minimization method. The comparison of their model predictions to the experimental measurements showed a very good agreement. Zhua et al. [22] reported a study of methane partial oxidation into H 2 and CO using the Gibbs energy minimization method and kinetic analyses. In their work, they could predict the optimum operating conditions: feed composition, reaction temperature, and pressure.
In this context, this research carried out studies through the software UniSim ® Design Suite R400 from Honeywell and studied the thermodynamic conditions of the quinoline HDN reaction that led to the formation of poorly hydrogenated products. The reaction equilibrium constant data were obtained from the work by Cocchetto and Satterfield [3] and from the software library. Additionally, the best conditions found in the simulation were evaluated through experimental reaction with the use of bimetallic Pt-Mo catalysts supported in NaY zeolite.
EXPERIMENTAL

Simulations
The software UniSim ® Design Suite R400 from Honeywell was used to verify the reaction conditions (feed composition, pressure and temperature) that could maximize the HDN selectivity towards poorly hydrogenated products.
The thermodynamic analysis was performed by means of Gibbs energy minimization method. The Gibbs energy of a reacting system reaches a minimum at chemical equilibrium. The Gibbs function for a system is given by: The possible species that could be formed in the quinoline HDN reactions are shown in Figure 1 and Table 1 . In Table 1 , cyclohexane represents the solvent, as used in the experiments by Colman et al. [2] .
The components list in Table 1 has UniSim ® library components and hypothetical components. The hypothetical components were marked with an asterisk. These components were created using the Structure Building tool from UniSim ® . The reaction equilibrium constants were defined according to the work by Cocchetto and Satterfleld [3] . The quinoline HDN reaction network is shown in Figure 1 . The reaction equilibrium constant of each reaction was specified as tabular data of K eq as a function of temperature. The equilibrium constant can be found in the Supplementary Information (available from the author upon request).
The fugacity of species i in the mixture and the fugacity of species at its standard state were calculated by the UniSim ® thermodynamic package. The thermodynamic package employed was Peng-Robinson Stryjek Vera (PRSV).
The operating conditions used for thermodynamic calculations are shown in Table 2 . Catalysts preparation
The catalysts were prepared using an NaY zeolite (SAR 5) and the precursor salts (NH 4 ) 6 Mo 7 O 24 ·4H 2 O (Sigma Aldrich) and Pt(NH 3 )4Cl 2 (Acros Organics), that were synthesized and characterized by using different techniques in a former work by Colman et al. [2] .
The monometallic Pt catalyst was prepared by dry impregnation with a metal content of 1 wt.%. After impregnation, the catalyst was dried at 110 °C for 24 h followed by calcination under air-flow of 1000 mL/min, at 350 °C for 2 h. The bimetallic PtMo catalyst (1 wt.% of Pt and 1 wt.% of Mo) was prepared by the wet impregnation of Mo on the NaY zeolite, dried at 110 °C for 24 h, and then calcined under air-flow (1000 mL/min) at 500 °C for 2 h. Finally, Pt was impregnated on Mo/NaY sample, dried and calcined at 110 and 350 °C, respectively. The catalysts were named Pt/NaY and Pt-Mo/NaY.
Catalytic tests
Catalytic tests were carried out in a high-pressure unit connected to a FID chromatography with capillary column. About 200 mg of catalyst was initially reduced with pure H 2 at 300 °C for 2 h, followed by heating to the desired reaction temperature. Two different reaction temperatures were studied, 400 and 460 °C.
The reaction was conducted at a constant H 2 flow (1000 mL/min) and 50 bar, with the liquid feed (20 mL/h) consisting of quinoline (2% p/p) in cyclo- Figure 1 . Quinoline HDN reaction network in equilibrium conditions. hexane (solvent) with 100 ppm of sulfur. The total time on stream reaction was 15 h. The feed and the products were analyzed by gas chromatography, Shimadzu CG17A, with FID detector and automatic injection.
RESULTS AND DISCUSSION
Many works have used quinoline (Q) as a model molecule for experimental catalytic HDN reaction and many different by-product distributions were observed in function of the reaction conditions, such as temperature, pressure, catalyst composition, and H2/Q ratio in the reactor feed. Kinetic or thermodynamic reaction control in a chemical reaction can lead to different product distribution. Thus, the first step in our thermodynamic simulation was to study the conversion of quinoline into hydrocarbons. Therefore, quinoline (100 kg mol/h) and hydrogen were introduced in a reactor and the products were observed as a function of the temperature and the H2/Q ratio. Figure 2 shows the molar flow of hydrocarbons (de-nitrogenated compounds, PCH, PCHE and PBZ) and the molar flow of nitrogenated compounds (Q, 1THQ, 5THQ, DHQ, OPA and PCHA) in the reactor outlet stream. The simulation shows that nitrogenated compounds increase their thermodynamic stability in relation to hydrocarbon compounds at high temperatures. Increasing the H 2 /Q ratio in the reactor increases the HDN reaction extension. The nitrogenated compounds are almost completely converted (99%) into hydrocarbons at 300 °C and with a H 2 /Q mole ratio of 10. However, at 400 °C, it requires a H 2 /Q mole ratio of 1000 for a conversion of 99%.
While the increase in H 2 /Q mole ratio leads to an increase in HDN reaction extension, the selectivity towards PBZ is disfavored at high H 2 /Q mole ratios and highly hydrogenated hydrocarbon, such as PCH, is produced preferentially. Figure 3 shows the selectivity towards PBZ as a function of temperature and H 2 /Q mole ratio. There is a local maximum in PBZ production for a 10:1 H 2 /Q mole ratio at 350 °C. From this point, an increase in temperature decreases the production of PBZ and increases the PBZ selectivity. This shows that PBZ is more stable than other hydrocarbons (PCH and PCHE) at high temperature but less stable than quinoline. This behavior is similar to other H 2 /Q mole ratios. However, the maximum PBZ production is shifted to higher temperatures as the hydrogen inflow increases. Table 3 shows the product distribution in the HDN reaction network for a H 2 /Q mole ratio of 10. Table 3 shows that quinoline, PBZ and PCH are the main products. There is a small amount of THQ5 and other compounds were not significantly produced. The product distribution for other H 2 /Q mole ratios can be obtained as supplementary information (available from the author upon request).
Real experiments usually work with high H 2 /Q mole ratios due to kinetic limitations. In Colman et al.
experiments [2] , the H 2 /Q mole ratio was 15000 and the reaction temperature used was 400 °C. At this H 2 /Q mole ratio and temperature, the simulation shows that the nitrogenated compounds are completely converted. However, the selectivity towards PBZ was only 21%. Most of the hydrocarbon produced was PCH (71%, see Table 4 ). The case studies demonstrated that higher reaction temperatures will improve the selectivity towards PBZ. This way, new experiments were performed, one at the same conditions as in Colman et al. [2] in order to evaluate the catalyst performance, and another at a higher temperature, 460 °C, as suggested by simulation results. At 460 °C, the PBZ selectivity was 77% and the quinoline conversion was 93%. A further increase in temperature would not significantly increase the selectivity. Moreover, an increase in temperature may decrease the quinoline conversion, crack the reactor feed stream so it is not recommended from the perspective of industrial application. As in the previous work [2] , the experiments were carried out with two different catalysts, Pt/NaY and PtMo/NaY. The catalysts prepared in this work have a similar performance in relation to Colman's catalysts. The HDN selectivity and product distributions are very similar for both monometallic and bimetallic catalysts. Table 4 shows these results. According to Colman's experiments [2] , the sulfur in the feed stream would preferentially be sulphide and the molybdenum species at the surface. Sulfur will also be accessible to the metallic and ionic Pt sites in competition with the Mo species. However, sulfur poisons Pt sites and deactivates the catalyst as observed on the Pt catalyst. On the contrary, catalytic results showed that the activity for the Pt-Mo increased and therefore it is a strong evidence that sulfur is preferentially accessed on MoO 3 transforming in MoS 3 active sites, which increases the activity, not disregarding the access to Pt sites.
The monometallic and bimetallic catalysts have shown higher selectivity towards PCH than PBZ at 400 °C. Other authors [3, 25] also found PCH to be the predominant product in experimental tests carried out at 400 °C.
The formation of THQ5, DHQ and other products were only observed at very small amounts in catalysts tests. This result agrees with simulation data. Thus, there is an indication of thermodynamic reaction control in our catalytic tests.
In an attempt to determine thermodynamic limitations, a simulation was performed using the same conditions as in the work by Colman et al. [2] (H 2 /Q: 15,000 and 400 °C) and the results were introduced in Table 4 . From Table 4 , it can be observed that the experimental product distribution is approximately the results from Colman's work [2] same as the distribution found in the simulation. This shows that there is a thermodynamic limitation in the product distribution in the experiments by Colman et al. [2] .
The simulation shows that an increase in temperature from 400 to 460 °C improves the PBZ selectivity from 21 to 77%, but does not greatly decrease the reaction extension, from 99 to 93%; see Table 4 . This is a large change in PBZ selectivity with a small change in reaction temperature. Thus, in order to confirm these changes, the PBZ selectivity was also calculated using only two reactions: (Q + 4 H 2 ⇌ PBZ + NH 3 ) and (Q + 7 H 2 ⇌ PCH + NH 3 ). The reaction system consists of an inflow of hydrogen and quinoline in a Gibbs reactor. The Gibbs energy of these components was given by UniSim ® library. The outflow of PBZ and PCH can be observed in Figure 4 . Figure 4 shows that there is an increase in PBZ molar flow with increasing reaction temperature. The selectivity of PBZ at 400 and 460 °C was 22 and 86%, respectively, which was the same trend pointed out in simulation using experimental data of equilibrium constants. Thus, the temperature of 460 °C was confirmed as the new experimental temperature and a new experimental reaction was performed.
At the new reaction conditions, the quinoline conversion was 46% for Pt and 49% for the PtMo catalyst. There was an increase in relation to the reaction performed at 400 °C: 32% for Pt catalyst and 36% for PtMo catalysts. Moreover, there was a large change in reaction selectivity, as predicted by the simulation. The Pt catalyst has shown improved selectivity from 19 to 45% and the PtMo catalyst from 32 to 65%. However, the selectivity of catalysts has not yet been limited by thermodynamic equilibrium, 77%. The experimental results can be seen in Figure 5 . The experimental quinoline conversion presented by Pt (46%) and PtMo catalyst (49%) is still far from thermodynamic limitation, 93%. Then, a decrease in space velocity or a change in the catalysts properties can improve the quinoline conversion up to reaction equilibrium. The catalysts can be improved in order to minimize kinetics limitations in quinolone or THQ5 hydrogenation.
At 400 °C the HDN selectivity is 95% and at 460 °C it is 98% for the PtMo catalyst. No significant change occurred in HDN selectivity following an increase in temperature. Most of the nitrogenated intermediate compounds were converted into hydrocarbons. However, the selectivity towards PBZ changed from 32 to 65%. This shows that the reaction temperature has mostly changed the equilibrium reaction PBZ ⇌ PCH + 3H 2 . This was also true for the Pt catalyst where the selectivity had improved from 19 to 45%. From these experimental results and from the simulation analysis, it can be concluded that molybdenum is essential for HDN reactions and that reaction temperature is a key factor for PBZ selectivity.
It should be highlighted that besides the compounds represented in the simulation, some others were detected in the tests conducted with bimetallic catalysts. This indicates the occurrence of reactions other than those predicted in the quinoline HDN reaction network, Figure 1 . However, the fraction of these other compounds was very low and would not significantly affect the equilibrium in the simulation.
CONCLUSIONS
Based on a simulation study, it was possible to show that nitrogenated compounds are more stable than hydrocarbons at higher temperatures. Increasing the H 2 /Q mole ratio in the quinoline HDN network led to increased HDN selectivity. However, the selectivity towards poorly hydrogenated compounds (PBZ) decreased. The hydrogenation of quinoline or THQ5 is the rate-determining step in the HDN reaction network and there is a thermodynamic limitation in product distribution in experiments at 400 °C. In accordance with the simulations results, the catalytic tests conducted at 460 °C show that quinoline conversion and selectivity towards PBZ is improved in relation to catalytic tests conducted at 400 °C. At reaction temperature of 460 °C, the thermodynamic limitation is avoided. Ekonomski i ekološki aspekti čine uklanjanje azota iz nafte neophodnijim. Proučavanja su pokazala da je moguće postići visoku selektivnost na proizvode hidrodenitrogenacije hinolina koristeći PtMo bimetalne katalizatore nanetim na zeolitima. Međutim, ova reakcija zahteva veću potrošnju vodonika. Glavni proizvodi u ovoj reakciji su propilcikloheksan, propilbenzen i propilcikloheksan, pri čemu selektivnost prema propilcikloheksanu veća, što je direktno povezan sa povećanom potrošnjom vodonika. Zbog toga je od značaja da se odrede najbolji uslovi temperature i protoka vodonika kako bi proces bio selektivniji za propilbenzen. Proučavanje sprovedeno sa softverom UniSim ® pokazalo je značajna poboljšanja selektivnosti sa povećanjem temperature reakcije između 450 i 500 °C. Pored toga, katalitički testovi su potvrdili da je bimetalni katalizator postigao veću selektivnost kada je korišćena temperatura od 460 °C, kao što je određeno simulacijom. Rezultati eksperimenta i simulaciona analiza pokazali su da je molibden u katalizatorima od suštinskog značaja za reakcije hidrodenitrogenacije i da je temperatura ključni faktor zaa selektivnost prema propilbenzenu.
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